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Observation of local <cloud and noisture feedbacks
associated with high ocean and desert surface tenperatures
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New data on clouds and noisture, made possible by re-
analysis of weather satellite observations, show that the
atmosphere reacts to warm ocean pools in the Western
Pacific Ocean with increased moisture and cloudiness,
suggesting a negative feedback limting the rise in sea-
surface tenperature. The reverse was observed over hot

deserts where both moisture and cloudiness decr ease,

suggesting a positive f eedback per petuating desert
condi tions. These observations reveal conpl ex dynamic-
radi ative interactions which show why this problem has

been debated for over twenty years.

Predi ction of greenhouse warm ng depends on know edge of how
cl ouds and atnospheric noisture interact wwth the surface and the
general circulation of the atnosphere, a subject which has been
wi dely debated! 2.3, Not only is there no sinple theory to explain
the interaction with precision, but we do not yet have the basic
observational evidence required to validate such theories. Couds
and moi sture show strong internal feedbacks and at the same tine
they anplify and danpen the global and | ocal energy bal ances.

Because clouds reflect solar energy, a sinple argument could be
made that as the surface tenperature of the earth increases,

evaporation from the oceans increases, cloud formation is, in
turn, intensified and the net energy deposited at the Earth's
surface decreases. By this mechani sm cl ouds provide a negative
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f eedback. Clouds also intercept |ong wavel ength radiation from
the surface, retaining it in the |ower atnosphere, a positive
f eedback. The sign and anplitude of changes in the atnospheric
and surface energy balances and the concurrent effect of
at nospheric noisture on greenhouse warming are difficult to
explain by radiation processes alone. Dynam cal processes (Fig.

1) in the atnosphere exert controlling effects, as well. Accurate
observations are needed, nodels nust be refined and validated, and
di verse nechani sns nust be invoked to explain these phenonena

Since clouds and noisture vary rapidly as a function of space
and time, it is necessary to observe them sinultaneously in order
to ascertain their links to each other and to the environnent wth
whi ch they interact. Al t hough this has been difficult in the
past, the data set developed for this study used coincident
observations fromtwo instrunents on the sane satellite. The
resulting gl obal t enperature, nmoi sture and cloud data
si mul taneously characterize the airmass and the underlying surface
in each field of view These characteristic parameters were
derived daily during the nonths of January, april, July and
Cct ober, 1979.

From this new data we have observed that atnospheric noisture
invariably increases at all atnospheric levels as a function of
i ncreased sea surface tenperature over tropical oceans. Thi s
increase in noisture above the boundary layer is nost critical in
determning the net effect of water vapor on greenhouse warm ng
{A. Arking, manuscript submtted}. Specifically, we have observed
strong interactive processes between noisture and clouds over warm
pools in the western Pacific. These interactive processes persist
over long periods of tinme under various global and regional.
circulation patterns and appear to regulate the |ocal environnent
t hrough radiative-convective nechanisnms  However, over hot and
dry desert areas, both noisture and cloudi ness decrease as a
function of increased surface tenperature (above 304 K) providing
a positive feedback nmechani sm which tends to maintain the desert



conditional. Intriguingly, the observations show a comon criti cal
surface tenperature for both oceans and land; the distribution of
at nospheric noisture is observed to reach a maxi num val ue when the
surface tenperature approaches 304 #1K, then decreases beyond that

t enper at ure.

This paper presents new observational data and di scusses the
inplications for climate studies with enphasis on tw specific
regions: warm ocean pools in the western Pacific and hot desert
spots in Australia. The goal is to provide basic new information
needed to inprove our understanding of the processes which sustain
the local surface tenperatures of ocean and desert regions.
Aimte nodels with diverse approaches to paraneterizing clouds
and noi st convection nust be able reproduce these observations as
a test of their accuracy and ability to make re|jable predictions.

Observati ons

The data derived for this study com® from the Hi gh Resol ution
Infrared Sounder (HIrRs) and the M crowave Sounding Unit (MSU)
flown on the w~oaa low Earth-orbiting operational weat her

satellites since Decenber 1978°. NOAA has derived gl obal

at nospheric tenperature and noisture data since 1979; in the early
years, NOAA anal yzed the HIRS/MSU observations using a statistical

approaché whi ch enpl oyed enpirical relationships between satellite
observations and atnospheric paraneters gathered from radi osonde
and rocketsonde reports.  However, the results of this approach do
not neet the accuracy and consistency requirenments of this study.

To satisfy the study requirenents, a conpletely analytical method’
was applied to re-analyze the H RS/ MSU observations, starting with
thé year 19798, The infrared and nmicrowave satellite weather data
permt both the “clear-sky” and the “cloudy-sky” properties to be
derived at all times? even though the atnosphere is never free from

cl ouds and haze (see Box 1)

Specifically, the derived paraneters consist of atnospheric
profiles of tenperature and precipitable water vapor (PWV), gaga.




surface tenperature (SST), |and-surface tenperature (LST), the
effective cloud infrared opacity («) and the cloud-top height and
t enperature. PW is sinply the mass of water vapor in a colum of
air bounded by two pressure levels. The effective infrared cloud
opacity in a field of viewis defined as the fraction of energy
(between 8 and 15um) intercepted by the clouds, that is emtted by
the surface and atnosphere bel ow the clouds. we define, also, the
cl ear-sky radiance (Fc1) as the radiant energy emtted by the
surface and the atnosphere, that is transmtted through the clouds
and through openings in the clouds. If we define the cloud
radi ance (Cccl) astheenergy emtted by the clouds and the
at nosphere above them for full overcast conditions, we can then
relate Fc1l and Ccd to the observed radiance (Fed), i.e. , the
cloudy-sky radiance in a given field of view as’

Fea = (1-0) Fg3 + O Ceq

The data for January 1979 were specifically selected for the
illustrations in this paper because their accuracy had already
been determ ned by careful conparison with in situ observations
under diverse cloud and surface conditions (see Box 1). An
inportant limtation of this data set is that it does not contain
the cloud properties in the visible part of the spectrum because
the visible channel on the HRS instrument was not calibrated
This makes it inpossible to determne the net radiative effects of
t he cl ouds.

Warm Pacific ocean pools

The sea surface tenperature (SST) values derived from the space
observations are the radiating tenperature of the ocean “skin
surface” and not the “bul k” SST val ues usually reported by ships.
The derived SSTS showed several clusters of warm water pools in
the tropical Pacific between 20"N 20°S | atitude and 150°E/180°
longitude. A representative cluster to the northeast of Australia




is shown in Fig. 2a for daytine observations on January 4, 1979.

These warm pools were observed every day in January 1979. They
stretched across hundreds of kiloneters and meandered slowly in
the western Pacific, fluctuating slightly in size and intensity.

A strong correlation was noted between changes in the precipitable
wat er vapor (PWwv) and the infrared cloud opacity (o) with the
tenperature gradient across the warm pools. This correlation
became weaker on certain days, but never reversed its sign. Thus ,

in this region of deep convection in the tropical western Pacific,

the warm pools and the airmass above cannot be considered in
i solation from each other.

The variations of the pwv as a function daytinme SST across
the warm pools and the sea surrounding it are shown in Fig.3 for
the nonth of January 1979. Since the accuracy of the derived SST
is estimated to be *0.5°c, a noving average of the corresponding
val ues of pwv was cal cul ated across an interval of 0.5°c. This
step reduced the noise (or scatter) of the individual daily
observations of pw by about 20% The resulting “snoother”
di stributions correspond to variations Oof PW in four |ayers
bounded by 100, 300, 500, 700 nb and the surface. The total Ppwv
is given in Fig. Z2e. These results clearly show a very strong
coupling between increases in moisture at all atnospheric |evels
and the increase in SST across the warm pools. of distinct
interest, the pwv at the higher altitudes (in Fig.3a) i ncreased
faster than in any other atnospheric |ayer. For exanple, as the
SST across the warm pools increased from300 Kto 305 K, the pwv
between 700 nb and the surface increased by 20% while the
correspondi ng increase between 100 and 300 nb was 100% At SST
values above 305 K, the distribution of the total Ppwv al ways
decreased (Fig. 3e). However, the snall nunber of observations
above 305 K (as shown in Fig. 3f) should be noted. Fig. 3e shows
also the distribution of the corresponding effective infrared
cloud opacity, a, and its relationship to the variation of noisture
wi th SST. In the range between 300 and 305 K, the effective cloud
opacity increased by 40% (as shown in Table 1) . The use of a




novi ng average of o reduced the scatter of individual daily
observation by £50%.

These hi gh and opaque clouds and the associated PW were
observed every day of the study. Their distributions depended not
only on the highest value of the SST but also on the spatia
gradi ent across the warm pool. The controversy surrounding this
probl em has been debated extensively3.10-14, Lindzen!? proposed that
the flow field across the warm pool provides convergence of warm
humd air in the boundary |ayer and the excess energy of
condensation heating in the clouds is renoved by the divergence of
the flow of air at the higher levels. However, in spite of the
flow divergence at the upper levels, the noisture in the upper
troposphere was observed to increase wth increasing ssrit .12z,

Furthernore, Ramanathan and collins® proposed that the sharp
increase in high level clouds over ‘the warm ocean pools acts both
connectively and radiatively to produce a negative feedback which
contributes to limting the SST to 305 K QG her dynam cal
processes both in the ocean and the atnosphere have been proposed
to account for the observed |ocal SST limit!3.14,

all these feedbacks were observed daily during the four
nmont hs of the study; they appear to be local (or regional but not
gl obal) and are controlled by both the spatial gradient of SST and
radi ative-dynam c atnospheric processes. For exanple, warm pools
in the Indian Qcean (shown in Fig. 2a) which exhibited [ower SST
gradi ents showed smaller increases in both PW and o fromthe edge

to the center of the pool. The main conmmon feature was at SST
val ues of 305 K, where both o and PW were always observed to

undergo a sudden and sharp increase fromtheir levels at 303 K

The observational data also indicate that the distribution of
at nospheric water vapor remains correlated with the surface
tenperature everywhere in the tropical oceansi?, To validate this,
the distribution of PW was exam ned for SST val ues between 299
and 300 Kin the western Pacific (150°e to 180° and 20°N to 20°s),
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eastern Pacific (180° to 150°w and 20"N to 20°S) and the Indian
Ccean (60°E to 90"E and 0° to 20°9). This value of SST was
sel ected for conparison because it sits at the outer edge of the
warm pools and, noreover, it is anong the nost frequently observed
value of SST in each of the three regions. In all three regions
the total PW was equal to 3.9 #0.2 g/cm? and the PW in the 100
to 300 nb layer was 0.015 #0.001 g/cni, well within the
observational uncertainties. In addition, the rate of increase of
PW at higher altitudes was invariably higher than that near the
surface in all three regions.

Hot desert spots

The data shown in Fig. 4 describe the distribution of noisture and
clouds as a function of daytinme |and surface tenperature (LsT) of

hot desert spots. Because the error in the derived land surface
tenperature is estinmated to be at |east zx1°c, we applied a one
degree noving average to the individual data points. As in the
case of oceans, this step reduced the scatter in the individual

daily data points by about 20% for humdity and 50% for the cloud
infrared opacity. As the surface tenperature increased above 303
Kthe total PW (Fig. 4e) decreased very rapidly acconpanied by a
sharp decrease in cloudiness. However, the decrease in PW
occurred nostly near the surface in the boundary | ayer. Bet ween
300 and 320 K the PW decreased by 30% in the | ayer between the
surface and 700 mb and 20% bet ween 300 and 100 nb. at the high
desert tenperature of 320 K, the effective cloud opacity decreased
to a mnimumof 0.19 in contrast to the maxi num val ue of 0.39
observed at the center of ocean warm pools.

The surface albedo, vegetation, soil dryness, and the genera
circulation of the atnosphere all interact to affect the |ocal
cloud cover, moisture and rainfall over land. At this tine, there
Is no scientific consensus on the causes and feedback nechani sns
that trigger and maintain desertification. However, the feedback
nodel proposed by cCharney! remains the |eading explanation of the




l'i nks between desert surface conditions and atnospheric noisture,
clouds and rainfall. According to the Charney nodel, the high
surface albedo of dry, light and arid deserts decreases the net
radiation at the surface and increases the radiative cooling of
the air above, as observed in Table 1. As a result, air sinks in
order to maintain thermal equilibrium and cloudiness and
precipitation are di m nished. Low | evel subsidence reduces
nmoi sture in the boundary layer and thus limts the noisture
available in the atnospheric colum, as observed in Fig.4.
Furthernmore, reduced noisture and precipitation adversely affect
vegetation which in turn increases surface albedo further. This
positive feedback was confirmed in subsequent modelling studiesi®-18
whi ch showed that surface aridity and the acconpani ed subsidence
and | ow at nospheric humdity contribute to the persistence of
desert conditions.

The results in Fig. 4 were observed, W th noticeable regiona
vari ations, over hot tropical and subtropical deserts such as the
Sahara, KXalahari and central Australia, higher latitude deserts in
continental interiors such as the Gobi and Kazakhstan in centra
Asia, as well as deserts found on the west coasts of Africa and
south Anerica such as the Nam b and the Atacans. However, unlike
the general (sem -pernmanent) nature of the observations noted over
the western Pacific warm pools, the results obtained over the hot
desert spots showed dependence on seasons. This is to be expected
because nost desert regions are |ocated near the descendi ng branch
of the Hadley cells which vary with seasons and sonetines becone
weak and even vani sh. In addition, seasonal changes in insolation
reduce the maxi num LST of desert hot spots to less than 310 K

Longwave fl uxes

A one-di nensional |ow resolution radiati on model!?, LOMRAN 7, was
used to exanmine the relationship between |ongwave fluxes and

surface tenperature on the basis of the tenperature, noisture and
cloud data derived for this study. The cloud infrared opacity, o,




was assumed constant across the spectrum  The specific humidity
profile (in g/kg) was determ ned under the assunption that the
relative humdity is constant in each of the four observed |ayers
and a fixed value of 0.002 g/kg was assuned above 100 mb. Table 1
gives a representative set of the data used for the ocean and
desert flux conputations.

The contrast in the cloud-noisture rel ationships over ocean and
desert regions, illustrated in Fig. 5, is very striking. Over the
ocean, the outgoing |ongwave radiation (oLr) for clear-sky
conditions increased with increasing SST from 290 to 300 K,
levelling off at 300 K in spite of the increased surface em ssion
(Fig. 5a). This is aresult of the sharp rise in atnospheric
moi sture above 300 K, resulting in enhanced atnospheric absorption
at the expense of OR. By contrast, hot desert spots (Fig. 5b)
show a continuous increase in OLR which is directly traceable to
the sharp increase in the desert surface tenperature (the
tenperature |apse-rate effect) and the sinultaneous decrease in
wat er vapor absorption.

The atnospheric greenhouse warnming increased wth surface
tenperature for both ocean and |and, however for different
reasons. The results for clear-sky conditions (Fig. 5c) conpare
and contrast the atnospheric greenhouse warm ng due to increased
at nospheric noisture over the ocean with that |inked to reduced
moi sture over desert surfaces. Over deserts, while the fraction of
the surface enission absorbed by the atnosphere decreased because
of reduced noisture, the net emssion fromthe surface increased
much faster (as oT4), resulting in a net increase in the
atmospheric greenhouse warming. Nevertheless, it is Vvery
interesting to note that for clear-sky conditions, the atnospheric
greenhouse warmng is nearly identical over both |land and oceans
for the sane surface tenperatures between 290 and 305 K The
infrared cloud effect, shown in Fig. 5d, anplified the atnospheric
greenhouse warnming even further, especially over the ocean.




Ef f ect on climte modelling

Al t hough the use of observations to study and understand climte
f eedback processes is indispensable, it is generally inpossible to
separate causes and effects without the application of nodels. At
| ssue for both oceans and deserts is the need to isolate and
guantify the relative contributions of surface tenperatures,
at mospheric noisture and clouds to the feedback processes.

At nospheric general circulation nodels are very sensitive to
changes in the anount of atnospheric water and its vertica

di stribution. The observations for ocean warm pools clearly show
that water vapor increased at all levels throughout the
troposphere when local warm ocean pools forned, t her eby
considerably increasing the infrared opacity of the atnosphere and
enhancing the infrared atnospheric warm ng. The fact that this
rel ationship between clouds, noisture and SST was observed on a
daily basis for four nonths in four seasons clearly suggests that
the |l ocal convective circulation over these warm pools persists
under various conditions of the general circulation of the
at nosphere. Yet, general circulation nodels must account for it
because of its inpact on clinmate. Bef ore nodel s can be used they
must first denonstrate sufficient realism by reproducing the
observations presented here.

General circulation nodels nust also reproduce the |ocal desert
observati ons. Above the desert surface the nmean atnospheric
tenperature remained essentially unchanged (Table 1) while the
desert surface tenperature approached 320 K Under these
conditions the lapse rate of tenperature near the surface wll
i kely exceed a critical value depending on tenperature, noisture
and pressure. When this happens the atnosphere becones unstable
and convective adjustnment to reestablish atnospheric stability
becones very dom nant. In the subtropics this adjustment act to
reinforce the descending branch of the Hadley circul ation and
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significantly intensify the positive feedback conditions over the
deserts.

The results presented here are local or at best regional. How the
observations are linked together on a global scale is not yet well
understood. Determination of these links will require interactive
coupling between modelling and observational data. Addi tiona

data will be required on the optical properties of the clouds.

Until these requirements are met, the controversy over the cloud-
moi sture feedbacks will Tikely continue.  Certainly, nature is not
so sinple as to be explained by infrared observations al one.
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Fig.1

FI GURE CAPTI ON LI STI NG

Computer generated three-di nensi onal cl oud inaﬁe
|Ilustrat|n% the topography of cloud-tops over the
Equatorial Pacific ocean and Australia for the nonth of
January 1979. @ The cloud data were obtained from
infrared and m crowave observations neasured by NOAA
weat her satellites. = Cdoud-top height is denoted by
color with red for high, green for mddle and blue for
| ow I evel clouds. The strongest col or shades represent
t he nost opaque clouds. Note the sparse clouds over the

bul k of the Australian desert. The vertical scale has
been stretched by a factor of 120 to enhance the clouds
vertical structure. The three-di nensional I mage
di splays land contours projected on the clouds as if the
observer is looking from the south. This cloud

formation represents an inportant convective weather
system associated with warm ocean pools reaching a
tenperature of 305 K. The | ower inage was generated by
T. Van Sant and the Gbosghere Project using data from
t he NOAA Advanced Very Hi gh Resol ution Radi oneter

Suggested caption for this figure, if used as a cover inmge:

Fig. 2

3-di nensi onal data visualization showing the |ong
ri dge of hi gh cl ouds stretching across the
West ern Pacific and the cloudless Australian

desert in January 1979. Red, green and blue
represent hi gh, mddle and 1 Ov |[evel cl ouds .
These hi gh cl ouds illTustrate an i mportant
convective weat her system connected with warm
ocean waters . The lower image is provided by T.

Van Sant and the Geosphere Project.

Title options: Cloud climte connections
Cloud climate control

Location of the observed warm ocean pools in the
equatorial Pacific (a) and the hot desert spots in
Africa and Australia (b) as observed on January 4, 1979.
Li near kriging24 was applied to the observational data
to underscore the patterns of spatial continuity and
enhance the visual appearance of the clusters of warm
and hot points.
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Fig. 3 Dayti ne dependence of precipitable water vapor (Pwv) in
four atnospheric layers (a, b, ¢, and d) on variations
of sea-surface teqperature (SST) across the warm pool s
and their surroundings (SST <300k) in the equatorial
Paci fic ocean during the nmonth of January 1979. The
total pwv and the corresponding distribution of the

effective infrared cloud opacity, et, are shown in (e)

A noving average of 0.5°C was applied to both pwv and o
to reduce uncertainties in the accuracy of SSTS. The
nunber of observations corresponding to each val ue of

SST is givenin (f).

Fig. 4 Daytine variations of precipitable water vapor (Pwv) in
four atnmospheric layers (a, b, ¢, and d) as a function
of land-surface tenperature (LST) across the hot spots
and their surroundings (LST <303 K) during the nonth of
January 1979. The total pwv and the corresponding
distribution of the effective infrared cloud opacity, o,
are shown in (e) . A noving average of 1°c was applied
to both pwv and o to reduce uncertainties in the
accuracy of LSTS. The nunber of observations
corresponding to each value of LST is given in (f)

The data are truncated at 320 K because of |arge
uncertainties in the accuracy of very high LST val ues
and the small nunber of correspondi ng observations.

Fig. 5 Cal cul ated daytine outgoing |ongwave radiation (oLr) at
the top of the atnobsphere for the cases of the warm
ocean pools and the hot desert spots discussed in Figs.
3 and 4. The clear-sky OLR, the (observed) cloudy-sky
CLR and their difference, the cloud forcing, are Shown
in (a) and (b) . The atnnsgheric greenhouse war m ng,
defined as the difference between the surface em ssion

or4 and OLR, is shown in (c) for clear-sky conditions,
and in (d) for cloudy-sky conditions.

14




TABLE CAPTI ON LI STI NG

Table 1. January 1979 Mean nonthly atnospheric paranmeters for a
representative set of ocean and desert surface tenperatures.
The mean nonthly values are the average of all the daytine

observations collected within x0.5°c around the indi cated
surface tenperature.
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BOX 1 Accuracy and characteristics of the observational
dat a

The Earth’s atnospheric tenperature and humdity profiles have
been observed by infrared and m crowave satellite sounders for
more than two decades. The HIRS/MSU instruments are mul ti-channel
devi ces which measure the Earth's outgoing radiance at frequencies
selected to characterize different |levels of the atnosphere. The
H RS instrunent has 19 infrared channels between 3um and 15um and
one (uncalibrated) channel in the visible. The observed radiances
in these infrared channels are affected by a number of atnospheric
and surface paraneters such as tenperature, noisture, clouds and
ocean and |and surfaces. The MSU has 4 channels in the 50 G
region which are influenced nostly by atnospheric tenperature and
the surface. Unlike the infrared channels, the microwave channels
are not influenced by nost types of clouds.

The al gorithm enployed here is based on the relaxation method of
solution of the full radiative transfer equation’ By conbi ning
the analysis of the mcrowave and infrared channels, the algorithm
produces accurate tenperature and noisture profiles even in the
presence of clouds, wthout requiring any field of viewto be
clear?0, Basically, the algorithmis iterative and ‘involves
finding atmospheric and surface parameters which, when substituted
into the radiative transfer equation, sinultaneously satisfy the
infrared and m crowave observations, to within a specified level
of convergence accuracy. All solutions that meet the convergence
criteria are accepted; the rest are rejected. In general,

solutions are accepted up to an effective cloud opacity in the
field of view of 80%

The accuracy of the derived tenperature profiles with respect to
radi osondes varied from1.8°C for the clearest cases to 2.0° for
the cloudiest conditions (Susskind, J., M.T. Chahine, P. Piraino
and L. 1Iredell, manuscript submtted) . The nmean nonthly
distribution of the pwv shows agreenent near 20% w th co-I|ocated
radiosondes?!, with the |argest discrepancies occurring over |and.
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The accuracy of the nean nonthly SST is estimated to be *0.5°C
froma study?? conducted for a special observing period in 1982
Val idation studies of Lst, the effective cloud opacity and cloud-
top heights are nore difficult to achieve directly because of [|ack
of field neasurenents. The error in LST is estimated to vary from
*1°c for low surface tenperatures to *3°C for tenperatures near
320 K Above 325 K the accuracy of LST is unknown. It is very
Inportant to point out that the space derived SST and LST refer to
the radiation tenperature of the surface, which could differ
significantly fromthe custonmary in situ neasurenents. As to the
effective cloud opacity o, indirect validations23 obtai ned by
conparing the conputed outgoing |ongwave radiation (oLr) for the
retrieved HIRS/MSU results with that fromthe Earth Radiation
Budget data for 1979 showed a spatial standard deviation of
approximately 6 w/m2. This agreement is good evidence that the
retrieved cloud and surface paraneters are sufficiently accurate
because of the |arge dependence of OLR on surface and cloud
par aneters. For exanple, for a scene with high clouds and 0.50
cloud opacity, an error of 6 w/m2 can result froman error of 0.5
kmin cloud-top height and only 0.02 in cloud opacity, assum ng
that these are the only sources of error
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